We present a multi-wavelength observational study of the NGC 2024 filament using infrared to sub-millimeter continuum and the NH 3 (1, 1) and (2, 2) inversion transitions centered on FIR-3, the most massive core therein. FIR-3 is found to have no significant infrared point sources in the Spitzer/IRAC bands. But the NH 3 kinetic temperature map shows a peak value at the core center with T k = 25 K which is significantly higher than the surrounding level (T k = 15 − 19 K). Such internal heating signature without an infrared source suggests an ongoing core collapse possibly at a transition stage from first hydrostatic core (FHSC) to protostar. The eight dense cores in the filament have dust temperatures between 17.5 and 22 K. 
Introduction
Revealing the transition stage between prestellar cores and protostars is critical for understanding the entire star forming process. The low-and intermediate-mass prestellar cores are supposed to initially stay in a hydrostatic equilibrium, referred to as Bonnor-Ebert sphere (Ebert 1955; Bonnor 1956 ). The density would gradually increase due to the self contraction and external influences such as turbulence, compression flow, and velocity perturbation which are usually presented in filamentary clouds (e.g. Gómez et al. 2007; Hennebelle & Chabrier 2011; Gong & Ostriker 2015) .
As the core becomes supercritical to the self gravity, the "first collapse" would occur and generate a much denser object called the first hydrostatic core (FHSC, or first core). The FHSC has a density of ∼ 10 13 cm −3 so that the gas and dust become opaque to radiation (Larson 1969) . The temperature in the FHSC would continuously increase due to the self-gravity and possibly on-going accretion.
Once the central temperature exceeds 2000 K, the heating would start to dissociate the H 2 molecules. The H 2 dissociation can provide an efficient coolant for the gas, and largely reduce the thermal pressure support, thereby induce the "second collapse". In At a distance of 415 pc (Menten et al. 2007; Sandstrom et al. 2007 ), Orion molecular cloud is the closest and beststudied massive star-forming complex.
Besides the regions with bright young stars, Orion contains a huge amount of cold, quiescent, and dense gas (e.g. Salji et al. 2015 , and references therein). In our previous studies (Li et al. 2007; Velusamy et al. 2008; Li et al. 2013; Ren et al. 2014) , the quiescent cores in Orion A and Orion
South have been selected and investigated.
A large fraction of the cores were found to be unstable to the self-gravity, and likely to have lower temperatures than their surroundings (Li et al. 2013) . The candidate cores for the transition stage can be selected based on two requirements: the cores should be supercritical to the self-gravity and meanwhile have no detectable IR sources.
Some likely candidates were examined but found to actually have faint embedded IR sources and even the multiple stars which are associated with the core fragmentation (Ren et al. 2014) . Subsequent studies should be performed over a larger field in order to enlarge the sample. And the evolutionary stages should be evaluated based on more evidences.
Located ∼ 4 degrees to the North of Orion A, NGC 2024 in Orion B cloud contains extended gas structures with embedded cold dense cores. The major fraction of the gas is assembled in a compact filamentary structure , also see Figure 1 ). A number of observations were performed to examine the physical properties therein Mezger et al. 1992; Mauersberger et al. 1992; Chandler & Carlstrom 1996; Watanabe & Mitchell 2008; Alves et al. 2011; Choi et al. 2015) . These observations revealed that the dense filament is located behind the hot ionized gas and have complex structures.
But the specific properties and evolutionary state of each core are still to be investigated. Gaume et al. (1992) presented Very Large Array (VLA) observation in the NH 3
lines, but only obtained average physical parameters for several regions owing to the limited velocity resolution and spectral sensitivity.
In this work, we presented new observational study for NGC 2024 using the continuum emissions from mid-infrared to sub-millimeter bands. We examined the mass and the temperature distributions of the entire filament. Moreover, to study the star-forming properties in the most massive core FIR-3 therein, we carried out new NH 3 observation with the Karl G. Jansky Very
Large Array (JVLA). The results show that the dense cores on the filament tend to have young evolutionary stages and should be spatially separated from the hot gas and dust in the foreground. In Section 2, we described the observation. In Section 3 and 4, we described the filament and dense core structures and their dust temperatures.
In Section 5, we presented the mass and temperature distributions within FIR-3 based on the high-resolution NH 3 spectral data. In Section 6, we discussed the core evolutionary state based on their physical parameters. A summary is given in Section 7.
Observation and Data Reduction
The observation of NGC 2024 FIR-3 was carried out with the NRAO 1 JVLA on September 6, 2014. The antennae were in D (see Table A1 ), which are 2 to 3 orders of magnitudes smaller than the filament emissions. Therefore, the flux uncertainties should mainly come from the flux calibration and photometry processes, as described in Appendix A.1..
The Mass Distribution of the
Filament and the Ridge
Dust Continuum Emissions
The Spitzer, MSX, Herschel, and JCMT/SCUBA images from mid-infrared to sub-millimeter bands are shown in Figure   1 . Originally, the PACS 70, 100, and 160
µm images are in unit of Jy pixel 
Core Identification and Flux

Measurement
The filament and FIR cores are best revealed in the SCUBA 450 µm band. On the 450 µm image, the dense cores were identified using the IDL routine Hyper (Traficante et al. 2015) . Hyper will extract local emission peaks, identify the cores, fit the angular size and surface brightness of each core with 2D Gaussian profile, and estimate the flux density within the core area.
In this process, the background emission is subtracted through a 2D polynomial fitting.
The best-fit core radii for the 450 µm cores are shown in Figure 2a . Using Hyper, the seven FIR cores ) were all clearly extracted. In addition, FIR-5 was resolved into two objects (denoted as FIR-5a and 5b), which are consistent with the previous observations (Wiesemeyer et al. 1997; Lai et al. 2002) . FIR-5a was further resolved into at least seven condensations in Lai et al. (2002) .
As shown in Table 1 , FIR-2, 6, 7 are fitted to have large ratios of r maj /r min . Such elongated core areas should be a result of confusion with the extended filamentary structures. As shown in Figure 2a , the cores are evidently seen only above the 30% contour, while bellow this level, the emission is mainly from the filament. Figure 2 also shows that the elongations of the cores are altogether reasonably along the filament (both at 160 and 450 µm). To eliminate the confusion, we performed another fitting assuming each core to have a circular shape.
The measured core radii are shown in Table 1 , and the circular-shaped core areas are shown in Figure 2b . It is within our expectation that the radius of the circular fitting is closer to the minor axis of the elliptical core area.
In Figure 2b , the 450 µm emission is overlaid on the IRAC RGB image, and the IRAC point sources in the Orion protostar catalogue (Megeath et al. 2012) Table 1 ).
We adopted the 450-µm core areas bands. The SED is fitted using a grey-body emission model (Hildebrand 1983) . Based on the radiative transfer, the flux density of the dust core is 
wherein N tot is the gas column density (mostly HI+H 2 ), µ = 2.33 is the mean molecular weight (Myers 1983) , m H is the mass of the hydrogen atom, and g = 100 is the gas-to-dust mass ratio.
κ ν is the dust opacity, and is expected to vary with the frequency in the form were estimated using L core = 4πD 2 S ν dν, and are also presented in Table 4 . We note that FIR-3 was also observed in 1.2 mm continuum (Hill et al. 2005 ) with the flux density measured to be S 1.2mm = 10
Jy. In comparison, by extrapolating the SED curve, we obtained a much lower value of S 1.2mm = 6 Jy. The difference is probably due to the low resolution (24 ) At low optical depth, Equation (1) can be approximated as
wherein D = 415 pc is the source distance,
M Ω is the gas mass within Ω. N tot was estimated from the 450 µm peak intensity Table 4 . We note that if κ 230GHz value is different, the core mass would vary with κ 230GHz proportionally, while the temperature fit remains unchanged. For example, if adopting κ 230GHz = 0.5 cm 2 g −1 (Preibisch et al. 1993) , the core masses would increase by a factor of 0.9/0.5 = 1.8.
The SED fitting is described in more details in Appendix A.2.. shown in Figure 5 . The NH 3 (1,1) inner satellite group (isg) has lower opacities than the main group (mg) thus would better reveal the dense gas structures. Figure 5a shows the integrated emission of the isg, which is overlaid on the IRAC image. The NH 3 gas is located around the FIR-3 core center and aligned in parallel with the 450 µm filament, suggesting that NH 3 traces the densest gas component in the core. Table 5 . Wherein the NH 3 column densities are estimated using Equation (A4). Figure 5d shows that the (2,2) emission peak does not coincide with the (1,1) peak but has a noticeable offset of 3 to the northwest. Since (J, K) = (2, 2) level has a much higher excitation energy
the (2, 2) emission peak may indicate a higher temperature at its emission peak.
The Temperature Distribution from NH 3
To investigate the temperature distribution from the NH 3 lines, we fitted the line profile using the fiducial radiative and line widths ( 1.0 km s −1 ), suggesting them tracing the same gas component.
The NH 3 rotational temperature can then be estimated from the (1, 1) and (2, 2) emissions using the method in Li et al. (2013) .
From the observed spectra we calculated the intensity ratio between isg and mg,
, and the intensity ratio between the two transitions,
rotational temperature is calculated from the two ratios as levels as mainly due to the high density in FIR-3. As a result T rot is close to T k .
As shown in Figure 5e , the T k map has a noticeable peak with T k 25 K with the position coincident with the (2,2) emission peak. Away from the peak, T k varies between 15 and 19 K which are significantly lower than the peak value, but similar with the dust temperature in FIR-3. The temperature peak suggests an embedded YSO in condensation Cd-2. Since FIR-3 has no detectable IR point source, it is possible that the YSO is younger than Class-0 and the heating is mainly due to the accretion or core collapse. In this case the T k,peak value may provide some constraint on accretion rate and core evolutionary state.
We assumed that the central region originally had a similar temperature with its surroundings (T k = T k,avg = 18 K) in the starless stage, and was then heated to the current value (T k = T k,peak = 25 K) after the central object started to accrete mass. The luminosity increase at the second stage is
wherein M peak is the hot-gas mass associated with T k peak. In equation (5) we also assumed that T k can approximate the dust temperature. The T k peak is not resolved thus would represent an average value within one beam, we thus consider the gas mass also within one-beam area, that
As the result the luminosity increase is estimated to be ∆L 50 L .
On the other hand, the theoretical accretion luminosity is (Stahler et al. 1980 )
where M * , R * , andṀ acc are the mass, radius, and accretion rate for the central object, respectively. The stellar mass can be estimated from its natal core mass assuming a star-forming efficiency of = 0.3 (Alves et al. 2007 ). Adopting Cd-2 as the natal gas condensation, we can obtain M * = M Cd−2 0.3M . We note that the spatial extent of the T k peak may only reflect the spatial range being heated, but
is not to define a gas condensation, thus
was not used to estimate M * . To estimate the accretion rate, we also assume that the accretion energy is eventually released mainly through the dust continuum emission so that L acc ∆L.
In theory (e.g. Young & Evans 2005; Tomida et al. 2010 ), the YSO is expected to have R * = 10 2 − 10 3 R at the FHSC stage and then collapse into R -scale during the protostar formation (second collapse).
We derivedṀ acc for these two cases. First, if the central object is a first core with R * = 10 2 R , the expected accretion rate would beṀ acc 6 × 10 −4 M year −1 .
Alternatively, if the YSO has already collapsed into R -scale, it only needs to have in order to generate the observed T k,peak feature. Correspondingly, the YSO should be either in a rapidly collapsing phase or have lately collapsed into an R -scale protostar.
The Gravitational Instability
The possibility for the core collapse can also be evaluated through the Jeans mass, which is
M J represents the highest mass that can be sustained by the internal pressure related with the velocity dispersion σ. FIR-3 has n ≥ 10 6 cm −3 , and the velocity dispersion The deviation of FIR-4 is expected due to its higher dust temperature. Besides the IRAC source, active star formation in FIR-4 is also indicated by the radio continuum and maser emissions therein (Choi et al. 2015) . FIR-1, 2, and 6 may also have protostars as due to the presence of IRAC sources or outflows (Chandler & Carlstrom 1996) . But for these three cores, the stellar emissions should still be too weak to significantly increase the total luminosities. It is also possible that the IR sources at FIR-1 and 2 are just foreground stars. 
We adopted E = 9 eV as the average photon energy for the UV radiation field. For a dust core with high opacity in optical (A V 1) in thermal equilibrium, the dust temperature would be (Li et al. 2003 )
where χ 0 = 2.0 × 10 −4 ergs s
is the unit intensity for the interstellar radiation field (Draine 1978) . With the two equations joined together, T d would be related with N F U V and r in the form 
where the dust opacity index is adopted as the value for the hot component (β = 1.6).
The luminosity is adopted as the total luminosity of the main-sequence B0 star that 
Summary
We present an observational study with c. The best-fit core radius assuming a circular shape for the core area at 450 µm. The second value is the radius deconvolved with the beam size, i.e. r 2 core = r 2 obs − (θ FWHM /2) 2 , wherein θ F W HM = 9 is the FWHM beam size. 
FIR-1 9.09 8.48
Ridge c N N N 37 32 35 307 a. The IRAC magnitudes in 3.6, 4.5 and 8.0 µm bands for the point source possibly associated with the FIR cores, from Megeath et al. (2012) . The label 'N' means non-detection, and would indicate M 3.6 < 14.5.
b. FIR-5a and 5b are blended, thus the measured flux density should represent a total value of the two. The emission from the hot ridge is also included.
c. In the IRAC 8 µm and all the MSX bands, the flux density is an averaged value for the four box regions shown in Figure 3b . The four regions are individually examined and found to have small differences in T d (< ±2 K). while S λ at other bands represent the total value of the two. At λ < 100 µm, the emission from the hot ridge is significant and would also contribute to the total S λ .
b. In each band, the flux density represents an average value for the four box regions as shown in Figure 3b .
The four regions are individually examined and found to have a small difference of ∆T d (< 2 K). Table 4 : The physical parameters of the cores and the ridge. 2) 600(300) a. The dust temperature is fitted from the total flux densities for FIR-5a and 5b.
b. Each physical parameter represents an average for the four square regions as shown in Figure 3b. c. For the dense cores, the density is derived from the peak total column density and the mean radius. For the ridge, the density is derived from the column density assuming the thickness is equal to the average width. b. The Cd-3 mass is calculated assuming its average column density is equal to the peak total column density in FIR-3 (Table 4) (Megeath et al. 2012) . We note that at 70 µm, the Core FIR-5 is blended with the hot dust emission, thus the two sources should represent the emission peaks rather than dense cores. The HFS is denoted on each emission peak, wherein "mg", "isg", and "osg" represent the main, inner-satellite, and outer-satellite groups, respectively.
(a) (c) For each band, we also measure the random noise level from the emission-free region.
The results are shown in Table A .1..
A.2. The SED fitting
The SED fitting is based on the least square fit of the observed flux densities, that is to look for minimum of A.3. The fitting of the NH 3 hyperfine structures
In modelling the NH 3 spectra, we first calculate the NH 3 optical depth over the spectral frequency range
wherein ν j and a j are the rest frequency and relative intensity for each hyperfine component, respectively. N is the total number of the hyperfine transitions, and ∆ν is the FWHM line width. The values of a j and N for (1,1) and (2,2) lines can be obtained from Kukolich (1967) . τ 0 is the integrated optical depth of all the components. For a given (J, K) inversion transition, the modelled brightness temperature T b is (Friesen et al. 2009 )
where Φ is the beam filling factor for the emission region which is adopted as Φ = 1. η is the mean-beam efficiency which is also adopted to be 1.0 if there is a flux calibrator.
T ex is the line excitation temperature. T bg = 2.73 K is the temperature of the cosmic The free parameters for the fitting are T ex , ν 0 , ∆ν, and τ 0 . The best-fit spectrum is obtained also using NonLinearLSQFitter.
The column density of the (J, K) level is calculated following Equation (13) The previous studies (e.g. Tafalla et al. 2004) presented an empirical formula for T k as a function of T rot . But this relation might be inaccurate at high temperatures (T k > 20 K) and densities. To accurately determine T k , we calculated the energy level distributions using the Non-LTE radiative transfer model RADEX (van der Tak et al. 2007 ). The input parameters includes T k , n tot , N (NH 3 ) and ∆V . We considered the T k range from 15 to 30 K. The other parameters are set to be the values measured in Cd-2. With the input parameters, RADEX will estimate energy level population, and the theoretical T rot is determined by the ratio of N (2, 2)/N (1, 1) assuming a Boltzmann distribution:
The T rot − T k relation can then be numerically sampled for a series of T k values in our range.
The result is shown in Figure A1 . It shows that the derived relation for FIR-3 is very close to T rot = T k . This is within our expectation since at such high densities (10 7 cm −3 ) the level population would be nearly thermalized.
RADEX empirical
Fig. A1.-The relation between the gas kinematic temperature (T k ) and the rotational temperature (T rot ) for the NH 3 (1,1) and (2,2) levels as numerically sampled by the RADEX program. The reference line of T rot = T k is also plotted. a. The intensity units are coverted into mJy arcsec −2 in order to provide a fair comparison for all the bands. The images are kept in original appearance and not smoothed, re-gridded, or performed with any other computation. The peak and average intensities represented the values estimated within the observed region as shown in Figure 1 .
